Epileptic seizures, particularly infantile spasms, are often seen in infants with Tuberous Sclerosis Complex (TSC) soon after birth. It is feared that there are long-term developmental and cognitive consequences from ongoing, frequent epilepsy. In addition, the hallmark brain pathology of TSC, cortical tubers and giant cells, are fully developed at late gestational ages. These observations have led us to examine the benefit of prenatal rapamycin in a mouse model of TSC. Here, we report a new fetus brain model of TSC and prenatal rapamycin treatment study using this model. 
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder characterized by benign tumors in multiple organ systems including brain, kidney, lung, skin, and heart (1, 2). Multiple brain manifestations of TSC, such as epileptic seizures, autism spectrum disorder, global developmental delay, sleep disorders, and other mental health disorders are seen in most TSC patients, which raise major issues for the patients and their families (3) . Neurological symptoms including infantile spasms are often seen within a few months of birth, and can have a major influence on development and are associated with subsequent cognitive disabilities (4, 5) . A hallmark feature of TSC neuropathology is the occurrence of cortical tubers and subependymal nodules. Since tuber-like lesions have been identified in the developing neocortex of TSC patients as early as 20 weeks of gestation (6, 7) , the current model is that these lesions develop during corticogenesis from neural progenitor cells through one or more genetic mechanisms (8, 9) .
TSC is caused by inactivating mutations in either of TSC1 or TSC2, which encode the TSC1/hamartin and TSC2/tuberin proteins. These proteins form a heterodimeric complex which negatively regulates levels of GTP-bound Rheb. Rheb-GTP activates mTOR serine/threonine kinase complex 1 (mTORC1), and enhances multiple growth and metabolic pathways, including enhancement of protein translation through phosphorylation of ribosomal protein S6 at Ser 235/6 and 240/4 sites (10) . The mTOR kinase is also a key component of mTOR complex 2 (mTORC2) (2) , which activates Akt (11, 12) . Loss of either TSC1 or TSC2 leads to elevated Rheb-GTP levels, and robust activation of mTORC1 and cell growth (10, 13, 14) . mTORC1 inhibitors including rapamycin and its analogues have shown benefit in several mouse brain models of TSC (15) (16) (17) . In addition, both rapamycin and everolimus, a rapamycin analogue, have shown major benefit in the treatment of TSC patients with giant cell astrocytomas by guest on http://hmg.oxfordjournals.org/ Downloaded from 4 (SEGAs) (18, 19) . However, treatment with rapamycin during infancy in TSC has not been studied in any detail (20) (21) (22) . Here, we report the therapeutic value of prenatal rapamycin treatment in a new, severe, prenatal-onset brain model of TSC.
Results

A new early onset TSC brain model; rescue from lethality at birth by rapamycin
In order to assess the potential benefit of prenatal rapamycin administration, we developed a new brain-specific Tsc1 knockout, using the conditional Tsc1 c allele and a nestin promoter driven cre allele (Nes-cre). Nestin is expressed in neuroprogenitor cells during early brain development (23) ,
and Tsc1 cc Nes-cre + mutant brains were expected to mimic the abnormal brain development, including ectopic and enlarged cells, seen in TSC embryos and infants (1, 6) . We found Tsc1 cc Nescre + mice were born in normal Mendelian ratios but died within 24 hours after birth ( Figure 1A ).
The mutant mice showed normal body weight ( Figure 2C ) and normal organ development (data not shown) but had enlarged brains (increased in weight by 23% on average) ( Figure 2A , D and E). The mutant brains showed grossly normal brain architecture, but the entire brain and especially the cerebral cortex were enlarged ( Figure 2B ). During the first 24 hrs, we observed that the mutant pups had less milk in their stomachs than littermate controls ( Figure 2F ), and were often separated from the rest of the litter in the maternal nest. Likely as a result of their reduced milk consumption, they had lower blood glucose levels than littermate controls (controls 48.8±3.0 mg/dl (n=17), mutants 32.2±3.0 mg/dl (n=18), P=0.0006). Therefore, mutant lethality on the day of birth (postnatal day 0, P0) was likely due to impaired maternal pup interaction with resulting malnutrition, hypoglycemia, and hypothermia. (Figure 1 ). We found that this one prenatal injection of rapamycin significantly extended the survival of the mutant mice, with one surviving as long as P20 ( Figure 1A , P=0.0245, log rank test). All pregnant dams successfully gave birth, and there was no obvious loss of pups at birth due to rapamycin. However, prenatal rapamycin treatment was associated with a significant reduction in body weight in both mutants (19%) and controls (18%) at P0 ( Figure 2C ). It had no effect on brain weight in either mutants or controls ( Figure 2D ), so that the brain:body weight ratio was also significantly increased in both mutants and controls in response to rapamycin ( Figure 2E ). Therefore we examined the effects of rapamycin on mTOR signaling and neuropathology in these mice.
Restored mTOR pathway and increased neural cell density by a single dose of prenatal rapamycin treatment
Brain lysates from P0 Tsc1 cc Nes-cre + mice showed nearly undetectable levels of Tsc1 protein, as well as reduced levels of Tsc2 protein and hyperactivation of mTORC1, indicated by the higher phosphorylation of ribosomal protein S6 (Figure 3 ). The single prenatal rapamycin injection given at E16 strongly suppressed mTORC1 and lowered levels of pS6(Ser235) and pS6(Ser240) at P0 in both control and mutant brains. This finding is consistent with our previous pharmacokinetic studies indicating that brain levels of rapamycin persist in mice for at least 48 hours after a single IP injection (17) . Together, these data point to the effective mTORC1 blockade and therapeutic effect of rapamycin, consistent with the improvement in survival of the mutant mice.
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However, prenatal rapamycin treatment did not enhance activation of Akt, as assessed by phosphorylation at Ser473 in either control or mutant mice, such that pAkt(Ser473) levels remained low in rapamycin-treated mutant mice. In addition, mTORC2 activity as assessed by phosphorylation levels of PKC(Ser657)(12) , was similar among all 4 groups at P0. These data implicate that although mTORC1 activity was curtailed, the down-regulation of Akt due to loss of Tsc1 was not improved by this single dose of prenatal rapamycin treatment.
Corresponding to the immunoblot findings, we found that the cortex of mutant mice contained larger cells with aberrant pS6(Ser235)+ positivity ( Figure 4A ). Most notable in the mutant brains was the occurrence of strongly pS6(Ser235)+ individual cells in the lower cortical plate (layer IV-VI) ( Figure 4A , inset). However, mutant brains showed normal layer formation by both marker studies (cux1 and CTIP2 staining) and BrdU birth date analysis (data not shown).
Prenatal rapamycin treatment decreased levels of aberrant pS6(Ser235) staining seen in the enlarged cells in mutant mice ( Figure 4A ). Thus, we conclude that loss of Tsc1 causes a major increase in mTORC1 activity in most brain cells, but does not affect cell migration or cortical layer formation, and this increased mTORC1 activity is reversed by a single prenatal dose of rapamycin.
The mutant brains showed a significantly lower neural cell density, especially in the lower cortical plate (developing layer IV-V) ( Figure 4B , left). In addition, cell size in the cortical plate of mutants was significantly increased in comparison to littermate controls ( Figure 4C ). With the single prenatal rapamycin treatment, we did not observe any change in cell size ( Figure 4C ) or brain weight ( Figure 2D ) in either mutants or controls. However, there was a significant increase in layer IV-V cell density in treated mutants, such that rapamycin-treated control and mutant mice had similar cell densities ( Figure 4B ). We did not observe any difference in cell proliferation at P0, by achieved by a single prenatal rapamycin treatment, we treated juvenile controls and mutants with rapamycin by intraperitoneal injection starting at postnatal day 8 (P8), and continued this therapy at gradual increasing doses (P8-P19, 1 mg/kg, every 3-4 days; >P21, 3 mg/kg, 3 times/week). We did not attempt additional prenatal treatments due to concern that we would see fetal wastage and worsening of the weight loss seen with a single prenatal dose ( Figure 2C ). Addition of postnatal rapamycin treatment extended the survival of mutant mice, with the longest survivor making it out to 40 days ( Figure 1A ). However, all of the treated mutants showed significant developmental delay and severe neurological symptoms, with Straub tail, tremor, and delayed eye opening beyond age 3
weeks. Rapamycin-treated mutants also had very poor weight gain ( Figure 5A ). Rapamycin treated littermate controls also showed a reduction in weight gain, in comparison to untreated littermate controls, but this was minor in contrast to the near complete lack of weight gain in rapamycintreated mutant mice ( Figure 5A ). Rapamycin-treated controls also showed no neurologic symptoms.
mTORC1 activity in brain lysates of mutants that continued on rapamycin was nearly completely suppressed, with levels of pS6(Ser240) below those of untreated controls ( Figure 5B ).
Similarly, there was an increase in levels of pAkt(Ser473), consistent with chronic mTORC1
suppression, and evidence of increased mTORC2 activity as shown by the increase in by guest on http://hmg.oxfordjournals.org/ Downloaded from pPKC(Ser657). Therefore, these data suggest that prolonged rapamycin treatment in vivo may cause a shift toward increased mTORC2 activity concomitant with the reduction in mTORC1 activity. Rapamycin treated mutant brains showed no change in the levels of neurofilament or GAD67 expression, suggesting that neuronal and inhibitory neuron development was normal ( Figure 5B ). In contrast, expression of GFAP was markedly increased in the mutants consistent with progressive astrogliosis. In addition, myelin basic protein (MBP) expression was reduced in both treated controls and treated mutant brains ( Figure 5B ), indicative of hypomyelination.
Hypomyelination may be due to inhibition of mTORC1 activity in oligodendrocytes (24, 25) . These observations indicate that while rapamycin is quite effective in blocking mTORC1 activation in the Tsc1 cc Nes-cre + brain, there is hyperactivation of Akt, which may possibly contribute to the poor development and survival of these mice.
Rapamycin treated mutants had enlarged brains with enlarged cerebral cortex in comparison to rapamycin treated controls ( Figure 6A and 6B ). In addition, we found that rapamycin treated mutant brains had increased neural cell density in the cerebral cortex in comparison to both untreated and treated controls ( Figure 6C ). Combining the increased density of neural cells and enlarged brain size, the total cell number in the rapamycin treated mutant brains were increased by 40% and 75% in comparison to untreated control and rapamycin treated control brains, respectively ( Figure 6D ). Neuronal differentiation is impaired in neuroprogenitor cells lacking Tsc2 (26), and it is likely that it was not fully normalized on the rapamycin treatment regimen given here. Therefore, we suspect that either persistent mTORC1 activation during the interval from P0 to P8, or strong inhibition of mTORC1 and distortion in the regulation of mTORC1 vs. mTORC2 as well as enhanced Akt activity may have led to reduction in neural pruning via apoptosis, to increase overall neural number in the mutant mice. (18, 19) ; and for treatment of renal angiomyolipomas and pulmonary lymphangioleiomyomatosis in both TSC and non-TSC patients (27, 28) . In addition, there is preliminary evidence that rapamycin may be beneficial for seizure control and behavioral issues in young children with TSC (18) . Thus, it is logical to consider the possibility that rapamycin or related drugs might be beneficial at earlier stages during human development, especially considering that a major portion of brain development has occurred at the time of birth.
Rapamycin and everolimus have both been shown to be effective in the postnatal treatment of a wide variety of TSC mouse models (15-17, 29, 30 clinical features to some extent; however, only a minor weight gain delay without other phenotype was seen in control mice treated on this same regimen. It is also likely that the absence of treatment during the P0 -P7 interval contributed to clinical features in these mice. However, given the small size of these pups and the requirement for neonatal care by the mother, we felt it was unwise to administer rapamycin during that period. A third, and in our view most likely possibility, is that rapamycin did not completely reverse the brain effects of loss of Tsc1. We were guided in our choice of dose by previous experience and detailed pharmacokinetic studies, in which we demonstrated that rapamycin at 6 mg/kg given IP led to supra-therapeutic levels, though substantial benefit, in a neuronal model of TSC (17). Thus we lowered the dose to 1 mg/kg starting on P8.
Our analyses at 3 weeks of age demonstrated that this dose was very effective at suppressing mTORC1 activity, and enhancing Akt activity. It is notable that this same rapamycin treatment regimen had less effect in blocking mTORC1 activity in control compared to mutant mice ( Figure   5B ), which we suspect is due to delay in blood brain barrier development in the mutant mice compared to control mice, leading to markedly higher brain rapamycin levels in the mutants.
Further dose titration might yield somewhat greater benefit, although monitoring and assessment of levels is quite difficult in these small mice. In addition, in pilot studies we tried two prenatal doses of rapamycin at E11-12 and E15-16, and observed a poorer outcome for mutant pups.
Although mTORC1 was effectively inhibited on this treatment regimen, we did observe significant pathologic features in the treated mice, including reduced myelination, increased GFAP, and a 50% increase in the total number of neural cells in cerebral cortex. Neuronal differentiation is impaired in neuroprogenitor cells lacking Tsc2 (26), and a reduced number of post mitotic neurons was noted in a radial glial model of TSC (30) . With treatment in this model, however, we achieved both effective blockade of mTORC1 and activation of Akt. Akt has several downstream signaling partners in addition to Tsc2, which regulate both growth and apoptosis, and it is possible activation of Akt may have led to enhanced survival of immature neurons/neural progenitors in postnatal brains, increasing the total number of neural cells in cerebral cortex. Reduced myelination, due to both neuronal and oligodendrocyte effects in this model, as well as astrogliosis may also have contributed to the poor development and neurologic symptoms seen in these mice.
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The dramatic therapeutic response to rapamycin in this new model prompts consideration of trials of this and related compounds in both pregnant mothers bearing offspring affected with TSC, as well as TSC infants with severe neurologic manifestations. Currently the U.S. National
Transplantation Pregnancy Registry (NTPR) reports that pregnancy while on immunosuppressants after transplantation, including rapamycin, should be considered high risk (31) . However, there are several reported cases of successful delivery without apparent maternal or fetal complications by mothers who were taking rapamycin during pregnancy for immunosuppression of transplanted organs (21, 22) . Nonetheless with our observations of both benefit from prenatal rapamycin, but also toxicity in the form of reduced birth weight and reduced neonatal weight gain, lead to a recommendation for caution in consideration of use of prenatal rapamycin during pregnancy.
Material and Methods
Mouse procedures
Mice bearing the Nestin-cre allele (B6.Cg-Tg(Nes-cre)1Kln, here denoted Nes-cre) were obtained from Jackson Laboratories. Generation and genotyping of Tsc1 c and homozygous transgene alleles in mice were described previously (17) . We use c to denote a conditional, floxed allele of Tsc1 that is converted to a null allele by exposure to the cre recombinase; and w to denote a wild type allele (cw+) genotypes showed no major difference in development or phenotype, and were all used as control mice. Tsc1 cc mice are maintained in a congenic strain in our lab (mix of BALB/c, C57BL, and 129S4/SvJae), reducing genetic variation within this colony. Timed matings were performed using the vaginal plug to assess fertilization.
Rapamycin (LC Laboratories) was prepared as described previously (17) 
Histology and immunohistochemistry
Histology sections of newborn mouse brains were prepared after decapitation and 2-4 days fixation with Bouin's solution (Sigma). Adult mice were euthanized in CO 2 chamber and fixed with Bouin's. Following paraffin embedding, 5 m sections were stained with either cresyl violet (Nissl)
or H&E, or used for immunohistochemistry (IHC). IHC was performed after deparaffinization and rehydration steps and antigen retrieval in Citrate buffer (pH8), using the Envision system (DAKO).
The primary motor cortex in comparable coronal brain sections containing the anterior hippocampus was analyzed for cell density and size measurements. Cell density of layer IV-V and layer VI in developing cortical plate in P0 brain was measured by counting Nissl-positive cells in 20,000 m 2 (n=5). Layer VI was defined as the layer adjacent to the subplate, and layer IV-V was defined as the layer containing the largest cortical neurons. For cell size measurement, the area of the 3 largest layer IV-V cells in every 65,000 m 2 was measured by ImageJ software (n>30 cells, n=3 mice). All data in graphs are presented with means (bars). Statistical comparisons were made using the Mann Whitney t test.
Western blotting
Animals were euthanized and brains were rapidly removed, dissected and flash frozen in liquid N 2 .
Total tissue lysates for Western blotting were prepared and analyzed as described previously (17) .
Suckling behavior analysis
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Newborn pups born to Tsc1 cc dams were monitored every 2 hours after birth. The amount of milk in the stomach of these pups was scored as: (3) full; 2) less than half, or (1) barely seen. (F) Reduced milk ingestion in mutant mice. The amount of milk in the stomach was scored as: +++, full; ++, less than half full; or +, barely seen or none. X axis is hours after birth. cw+, n=9; cc+, n=11, from 3 litters. * P < 0.05; ** P < 0.01; *** P< 0.001. by guest on 
